The 2002 Southern Hemisphere final warming occurred early, following an unusually active winter and the first recorded major warming in the Antarctic. The breakdown of the stratospheric polar vortex in October and November 2002 is examined using new satellite observations from the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) instrument aboard the European Space Agency (ESA) Environment Satellite (ENVISAT) and meteorological analyses, both high-resolution fields from the European Centre for Medium-Range Weather Forecasts and the coarser Met Office analyses. The results derived from MIPAS observations are compared to measurements and inferences from well-validated solar occultation satellite instruments [Halogen Occultation Experiment (HALOE), Polar Ozone and Aerosol Measurement III (POAM III), and Stratospheric Aerosol and Gas Experiments II and III (SAGE II and III)] and to finescale tracer fields reconstructed by transporting trace gases based on MIPAS or climatological data using a reverse-trajectory method. These comparisons confirm the features in the MIPAS data and the interpretation of the evolution of the flow during the vortex decay revealed by those features. Mapped ozone and water vapor from MIPAS and the analyzed isentropic potential vorticity vividly display the vortex breakdown, which occurred earlier than usual. A large tongue of vortex air was pulled out westward and coiled up in an anticyclone, while the vortex core remnant shrank and drifted eastward and equatorward over the South Atlantic. By roughly mid-November, the vortex remnant at 10 mb had shrunk below scales resolved by the satellite observations, while a vortex core remained in the lower stratosphere.
Introduction
The meteorology of the Southern Hemisphere (SH) stratosphere was highly unusual in the winter and spring of 2002. The first major stratospheric sudden warming ever observed in the SH occurred in late September, characterized by an episodic reversal of zonalmean zonal winds from westerlies to easterlies over the high southern latitudes. The strong amplification of planetary waves propagating up from the lower stratosphere led to a splitting of the polar vortex into two lobes (e.g., Allen et al. 2003; Newman and Nash 2005) . These events were accompanied by splitting of the Antarctic ozone hole (Hoppel et al. 2003; Eskes et al. 2005) . The meteorological situation had in fact been very disturbed throughout the winter, with several precursory pulses of increased planetary wave amplitude and fluxes from May to August . While large-amplitude planetary waves and fluxes usually maximize in the SH spring (Yamazaki and Mechoso 1985; Mechoso et al. 1988; Hirota et al. 1990; Manney et al. 1991) , their magnitudes were exceptionally large in September 2002. By mid-October, a weakened polar vortex recovered a pole-centered position, as one of the two lobes was expelled to the middle latitudes, where it rapidly mixed with extravortex air. Wave heat fluxes from the lower stratosphere intensified anew in the second half of October and were rapidly followed by the final warming, which occurred earlier than in previous years .
The final warming of the SH polar stratosphere and the disappearance of the cyclonic polar vortex normally occur in November or early December. The warming characteristically shows downward progression with time, and the vortex is longer-lived in the lower stratosphere (Manney et al. 1994a,b; Waugh and Randel 1999, hereafter WR99) . Climatological diagnostics of the vortex breakdown involves definitions of a threshold size or wind speed, below which the vortex ceases to exist as an entity. Exact breakdown dates are sensitive to the parameter choice, albeit weakly so (Waugh et al. 1999) . Area diagnostics are commonly used in stratospheric meteorology (Butchart and Remsberg 1986; Manney et al. 1994a ). The area within isentropic potential vorticity (PV) contours can be converted into an equivalent latitude, and the location of the strong PV latitudinal gradient identifies the vortex edge. The equivalent latitude of a PV contour is the latitude bounding a polar cap of the same area as the one enclosed by the PV contour. At 850 K (475 K), the vortex edge is normally located at an equivalent latitude near 60°S in late winter and, by the end of October, retreats poleward to a mean equivalent latitude of 75°S (70°S)ϩ/Ϫ5°depending on the given year (WR99).
Processes leading to the vortex breakdown in the SH springs of 1982 and 1992 have been documented by Farrara and Mechoso (1986) and Lahoz et al. (1996) , respectively. The latter study used global analyses from the Met Office (UKMO) and satellite observations of water vapor from the Microwave Limb Sounder (MLS) instrument aboard the Upper Atmosphere Research Satellite. Both studies showed that wintertime anticyclones develop over preferred geographical regions. The latter also showed that springtime eastward-traveling anticyclones slow down as they approach the 90°E-180°sec-tor and ultimately coalesce in a large, persistent stationary anticyclone, located south of Australia. Using 9 yr of Southern Hemisphere springtime meteorological data, Harvey et al. (2002) show that these "Australian high" anticyclones are climatological features that each year repeatedly form at longitudes between about 180°a nd 270°E and then migrate westward into the 90°E-180°sector where they remain quasi-stationary. Harvey et al. (2002) further show that these anticyclones gradually move over the pole during the final warming. While the winter vortex is preferably found at western longitudes (especially the 0°-90°W quadrant), it progresses eastward in the final warming stage (WR99).
We examine the vortex breakdown in October and November 2002, using two new datasets. First, we use operational meteorological analyses produced by variational data assimilation at the European Centre for Medium-Range Weather Forecasts (ECMWF). These are now available at unprecedented resolution and exhibit exquisite detailed fluid dynamical-like features, such as thin filaments or small vortices (Simmons et al. 2005) . Second, we use satellite observations of ozone and water vapor from the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) instrument aboard the Environment Satellite (ENVISAT ) launched in March 2002. We will demonstrate that these new satellite observations of minor constituents provide a view of the initial stage of the vortex breakdown as large, coherent remnants form and begin to mix down. In section 2, we briefly describe the MIPAS instrument, and in section 3, we discuss the meteorological data. The meteorological conditions associated with the breakdown of the vortex are described in section 4, and how these events unfold in the ozone and water vapor distributions measured by MIPAS are discussed in section 5. The next two sections compare mapped MIPAS water vapor to a passively advected water vapor (section 6) and to validated measurements and inferences from solar occultation instruments (section 7). Conclusions are presented in section 8.
MIPAS observations of ozone and water vapor
MIPAS is a limb-scanning infrared interferometer that measures temperature, ozone, water vapor, and a whole suite of other minor atmospheric constituents. Additional instrument characteristics are described in Glatthor et al. (2005) . The ENVISAT sun-synchronous polar orbit provides global coverage with nearly 14 orbits per day. The along-track sampling corresponds to a horizontal resolution of approximately 500 km. Observations range from the tropopause to the mesosphere and have a vertical resolution of 3-4 km.
Operational retrievals are performed by the European Space Agency (ESA), and the first date available to us through a validation and calibration program was 24 October 2002. We have used 1 month of observations of ozone and water vapor, starting on that date, from the ESA MIPAS fast-delivery "Meteo-Products." Along-track ozone and water vapor mixing ratios were interpolated onto potential temperature levels calculated from retrieved temperature profiles.
Ozone and water vapor maps have been produced by binning along-track data in longitude (36°bins) and latitude (10°bins). The data have been lumped in 3-day periods prior to spatial binning, in order to achieve global coverage in the presence of missing orbits in the operational ENVISAT dataset. Available data are listed in the Table 1 . Missing data have precluded the use of truly synoptic mapping, a technique that has been used to study vortex dynamics and planetary waves in trace species observations from polar-orbiting satellites (Manney et al. 1998 ). Its use is not so critical for slowly moving features such as those studied here. Our maps, while coarse in space and time, capture interesting features of the vortex dynamical evolution in the spring of 2002. A detailed validation of the MIPAS observations is out of the scope of the present study, but we use inferences from solar-occultation measurements and idealized tracer advection to confirm the evolution of the vortex and its remnants as diagnosed in the MIPAS observations.
Meteorological data
We use two sets of meteorological analyses in this study. First, we use the very high resolution analyses from the ECMWF to describe in detail the final breakdown of the polar vortex and the ensuing fate of its remnants. The 6-hourly analyses of geopotential height and PV are produced by four-dimensional variational data assimilation and have a maximum resolution of about 0.2°(spectral truncation T511). Equivalent latitudes were calculated with the full T511 resolution. Note that PV is negative in the SH.
The proxy tracer reconstructions on the other hand (section 7) are based on establishing correlations between sparse satellite occultation measurements and PV. Hence, we have relied on the coarser analyses from the Met Office stratosphere-troposphere assimilation system (Swinbank and O'Neill 1994) . These data are available once daily at 1200 UTC on a 2.5°latitude by 3.75°longitude grid. While we recognize that the use of a single assimilated dataset might have been more consistent, for the sake of comparing coarse-grained features that are likely to be similar in both sets, we utilize the Met Office data as in Randall et al. (2005) for the proxy tracer reconstructions. Similarly, reverse-trajectory (RT) calculations (section 6) are based on the Met Office analyses as in Manney et al. (2000) .
The collapse of the SH vortex in early November
During the austral spring 2002, the zonal-mean zonal winds reversed to easterlies in late October at 10 mb Krüger et al. 2005 A sequence of PV maps at 850 K ( Fig. 1 ) and geopotential height maps at 10 mb ( Fig. 2) shows that the dramatic evolution of the vortex final breakdown in early November is largely governed by vortex interactions:
• On 2 November, a still-closed intact vortex, albeit small, is displaced off the pole, and a tongue of subtropical air is drawn close to the South Pole, crossing over South America and coiling cyclonically around the vortex. We will refer to this tongue as tongue "S." • By 5 November, the vortex is very elongated, and a large tongue of vortex air is pulled westward and coiled around an anticyclone. We will refer to this tongue as tongue "V." • By 8 November, this pulling apart of the vortex has intensified, as the anticyclone between Australia and Antarctica drifts further westward, and the collapsing vortex drifts castward over the southern Atlantic. The coiling of tongue V around the anticyclone continues.
• On 11 November, two major pools of vortex air persist over the Western Hemisphere, including tongue V and the vortex core remnant over the southern Atlantic.
The final collapse of the weak vortex in early November as revealed by the detailed PV fields is quite rapid and spectacular. There are ubiquitous small-scale vortices and filaments in the analyzed PV, which remain coherent over several days (Simmons et al. 2005) . Intriguingly, the thinning tongue V pulled westward out of the vortex rolls up into a small, coherent cyclonic vortex during 8-11 November (near 40°S and 150°E on 11 November). Both the small eddy and the two 
branches spiraling outward are clearly visible for several days. Figure 3a shows PV versus equivalent latitude at 850 K averaged over the periods 24-30 October and 7-13 November. A weak vortex is still present in late October, as shown by the steepened PV gradient starting at 70°S, but what is left of the vortex by mid-November covers a very small area. This would place the breakdown date at 850 K in the first week of November, in conformity with what is shown in the sequence of maps in Figs. 1 and 2 .
The vortex breakdown is normally a top-down process, that is, the wind reversal occurs earlier at higher altitudes. That the relationship between PV and equivalent latitude changes little from late October to mid-November (Fig. 4a) vortex is longer lived at that level than at 850 K. In fact, the vortex area has reduced only slightly by 14-20 November. In Fig. 5 , a PV map at 475 K shows the remaining polar vortex breaking in two pieces on 16 November. This longer persistence at lower levels is also consistent with effective diffusivity calculations for this period by Allen et al. (2003) and with the location of the vortex edge at various altitudes described by Konopka et al. (2005) .
The collapse of the SH vortex in ozone and water vapor observations
Hemispheric maps of minor constituents measured from various satellite instruments have been used in the past to study the dynamics of the polar vortex and associated transport processes (Leovy et al. 1985; Hess 1991; Manney et al. 1993; Lahoz et al. 1996; Manney et al. 1995 Manney et al. , 1998 . Our investigation of ozone and water Fig. 1 , but for geopotential height at 10 mb. Units are in km.
FIG. 2. Same as in
vapor transport focuses on altitudes near 30 km, above the layer where chlorine-based catalytic destruction of ozone is activated by heterogeneous chemical processes. Photochemical processes strongly contribute to ozone destruction at those altitudes during the transition to summer as sunlight becomes more abundant. Water vapor, on the other hand, can be treated as a passive tracer over a time scale of several weeks. Near 30 km, vortex air is depleted in ozone and enriched in water vapor relative to extravortex air. This results partly from diabatic descent of air from the upper regions of the middle atmosphere and partly from the prolonged separation of low-and high-latitude air during the winter (e.g., Manney et al. 1995; Lahoz et al. 1996) . The characteristics of vortex air are large (negative) PV, low ozone, and high water vapor mixing ratios. Air masses with these three characteristics are observed by MIPAS in late October at 850 K; in Figs. 3b-c, all along-track MIPAS observations of ozone and water vapor in the SH have been plotted as a function of equivalent latitude for 24-30 October, as was done for PV (Fig. 3a) . At equivalent latitudes poleward of 70°S, there is a distinct tendency for sampled air masses to be poorer in ozone and relatively moister than at lower equivalent latitudes. No such characteristic relationship between the tracers and equivalent latitude was found in the 7-13 November period (not shown for brevity). At 475 K, however, ozone-poor air is still observed at equivalent latitudes poleward of 70°S well into November (Figs. 4b-d ), in accordance with the PV distribution.
Equivalent latitude and potential temperature cross sections of water vapor throughout the period of interest are shown in Fig. 6 , mapped as described by Manney et al. (1999) . Water vapor profiles have been combined into 3-day periods prior to mapping. Also indicated in the figure are contours of UKMO PV (dashed lines). The small polar vortex at 850 K left after the lateSeptember sudden warming is seen in late October and early November in the moist pool at equivalent latitudes poleward of 70°S and in the tightened PV gradient near 70°S. Equatorward of that latitude, a weak gradient prevails in the midlatitude surf zone. An enhanced gradient delineates the subtropical edge of the surf zone. As time progresses, the characteristic high water vapor mixing ratios are only found at higher and higher equivalent latitudes. The meridional water vapor distribution flattens over mid-and high latitudes by mid-November. At lower potential temperatures, down to 500 K, the meridional PV gradient and the moist pool is maintained until mid-November. The imprint of the longer-lived lower vortex on water vapor is consistent with the PV map in Fig. 5 . It also concurs with the studies of Lahoz et al. (1996) and Konopka et al. (2005) . The later showed a long-lived and fairly isolated lowerstratospheric vortex in the austral spring of 2002. Below 500 K, the meridional gradient in water vapor flattens and reverses (e.g., at 465 K), a sign of dehydration in the Southern Hemisphere vortex .
We next analyze maps of MIPAS ozone and water vapor during the vortex breakdown period. Sequences of water vapor and ozone-gridded maps at 850 K from 24 October to 16 November are shown in Figs. 7a and 7b, respectively. We start the description of these events by looking at the water vapor field:
• Over the course of the whole period, the moist vortex is seen to shrink in size and to drift into midlatitudes and eastward toward the Greenwich meridian (0°).
• The pool of moist air left from the vortex disappears from the MIPAS observations altogether by the middle of November.
• The tongue of air pulled out westward during the final breakdown of the vortex, or tongue V, is seen clearly over the period 2-11 November.
A similar picture emerges from the analysis of ozone maps (Fig. 7b) : the ozone-poor polar vortex shrinks and moves eastward, but the tongues of polar air are not seen as clearly at this potential temperature level. At the high southern latitudes, ozone decreases rapidly in November, even in a zonal-mean sense (e.g., in Fig. 7b , bottom row). Ozone photochemical destruction catalyzed by the nitrogen cycle is very active in November at this altitude. In ozone-rich parcels advected from midlatitudes to the pole during the final warming, ozone photochemical destruction can be in excess of 100 ppb day 
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for the decrease of the order of 1 ppmv observed by MIPAS over the 10-day period (e.g., 6-16 November). Figure 8 shows water vapor maps from a simple transport calculation using a RT model (e.g., Manney et al. 2000 , and references therein) for the same days shown in Fig. 7 . High-resolution trajectory calculations on an equal area grid with 0.5°equatorial spacing are run back to 24 or 25 October. The tracer fields transported along them are initialized at those times with fields reconstructed from an equivalent latitude/theta- FIG. 6 . A sequence of MIPAS water vapor cross sections in equivalent latitude and potential temperature space, from 24 Oct to 17 Nov. Before mapping, data have been combined in 3-day periods. Scaled PV is overlaid (black lines), with the thick line being Ϫ1.6 10 Ϫ4 s
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space pseudoclimatology constructed using the MIPAS water vapor from 24 to 31 October. The further the date is from the day of initialization, the longer the back trajectories, and the more complex the degree of finescale structure in the tracer field. While MIPAS maps are effectively 3-day averages, we keep the central date in fields obtained by the RT method to display finescale features. The RT maps show clearly the evolution of many of the features seen in coarse-grain fashion in the MIPAS fields. Comparing Fig. 7 with Fig. 8 , we see evidence of MIPAS fields capturing the weakened vortex near 90°W during 24-30 October and close correspondence in the shape, position, and size of the decaying vortex through 6 November. On later days, the MIPAS fields still show features corresponding to the large vortex remnants and also to low-latitude air drawn up to 60°S (e.g., near 90°E on 9 November and near 90°E and 90°W on 15 November). The large vortex air tongue V is well into the midlatitudes by 6 November. There is some discrepancy between the RT map and the MIPAS-derived map around 2-4 November, but this is a period when few satellite observations were available (see Table 1 ). FIG. 7 . A sequence of MIPAS (a) water vapor and (b) ozone-gridded maps at 850 K from 24 Oct to 16 Nov. Before binning, data have been combined in 3-day periods. In this orthographic projection and the next two figures, the domain is from Ϫ90°to Ϫ20°S, and longitudes are same as in Fig. 1 .
Hence, we see similar correspondence between the RT maps and the MIPAS observations, in the position and approximate size of the vortex remnants as they decay. Finer-scale features captured in Fig. 8 can be seen in the PV maps (Fig. 1) , for example, the coiling of vortex air in the large westward-traveling anticyclone (e.g., around 6-9 November) and the location of the two major, moist remnants of vortex air in the Western Hemisphere (e.g., around 12 November).
Comparisons to solar occultation data
In this section, we compare the MIPAS analysis of the vortex breakdown to analyses of ozone and water vapor data from four different satellite-based solar occultation instruments. These instruments are the Halogen Occultation Experiment (HALOE), the Polar Ozone and Aerosol Measurement III (POAM III) instrument, and the Stratospheric Aerosol and Gas Experiments II and III (SAGE II and III). Ozone measurements from POAM III (v3.0), SAGE II (v6.2), and HALOE (v19) have been well validated (e.g., Randall et al. 2003 , and references therein). Water vapor measurements from HALOE and POAM III have also been shown to compare well to other measurements. For the time period of most interest here, 24 October to 14 November 2002, the POAM III measurement locations moved approximately linearly in time from 77°to 70°S, while SAGE III measurements moved from about 46°to 43°S. No HALOE measurements were made from 24 October through 5 November, and no SAGE II measurements were made from 24 October through 3 November. From 6-14 November, the HALOE measurement locations moved from about 74°to 64°S, so they were in close proximity to the POAM III measurements. From 4-14 November, the SAGE II measurement locations moved from about 54°to 10°S, thereby filling in the more equatorial latitudes not sampled by the other solar occultation instruments. Figure 3b compares the 24-30 October MIPAS observations at 850 K to the relationships between equivalent latitude and ozone from the solar occultation instruments for 24-30 October and 7-13 November. The solar occultation curves were derived by fitting the solar occultation data at 850 K with 9-node cubic splines as described by Randall et al. (2004) . Note that the solar occultation equivalent latitude is actually the tracer equivalent latitude defined by Allen and Nakamura (2003) , interpolated in time and space to the solar occultation measurement locations. Two curves are shown for each time period. This is because photochemical reactions caused the equivalent latitude/ozone relationship to vary as a function of latitude, with ozone increasing toward the equator, even at the same equivalent latitude. Therefore, the equivalent latitude/ozone relationship was defined separately for high-latitude measurements (POAM for 24-30 October; POAM and HALOE for 7-13 November) and midlatitude measurements (SAGE III for 24-30 October; SAGE II and III for 7-13 November). Approximately 85 POAM and SAGE III measurements were used to define each of the ozone solar occultation curves shown in Fig. 3 for the 24-30 October time period; nearly twice that many measurements from POAM, SAGE II and III, and HA-LOE were used for the curves in the 7-13 November time period. The global MIPAS data are consistent with the 24-30 October solar occultation curves, al- though there is a hint that the MIPAS data might be slightly higher than the solar occultation data. There is a pronounced decrease in ozone mixing ratios at higher (negative) equivalent latitudes during the 24-30 October time period, indicating that a fairly well contained vortex is present at this altitude.
By 7-13 November during the final warming, the vortex and its remnants at 850 K are located far off the pole. Therefore, the midlatitude SAGE II and III data, rather than POAM and HALOE, define the equivalent latitude/ozone relations at high (negative) equivalent latitudes. The curve for these data (dashed line at higher ozone mixing ratios) has flattened considerably at equivalent latitudes poleward of 60°S, indicative of enhanced mixing between vortex and extravortex air. The 475-K solar occultation ozone data (Figs. 4b-d) do not show evidence of substantial mixing even as late as 20 November. Like MIPAS, the solar occultation ozone data at this altitude retain a pronounced relationship with equivalent latitude, with low ozone sequestered inside the polar vortex. Figure 3c shows the relationship between equivalent latitude and water vapor from the solar occultation instruments, again superposed on the MIPAS measurements. Here only one solar occultation relationship is shown for each time period, since photochemistry is not a significant factor for water vapor. The water vapor/ equivalent latitude curve for 24-30 October was defined by 80 POAM measurements, while the curve for 7-13 November was defined by 120 POAM and HA-LOE measurements. The character of the water vapor versus equivalent latitude relationship seen in the MI-PAS data is similar to that defined by the solar occultation data. Both show an increase in water vapor at high equivalent latitudes, although the solar occultation data show a decrease in water vapor near the center of the vortex. As we show below, the occultation data produce a picture of the vortex breakdown that is qualitatively similar to that derived from the MIPAS data. Because only POAM III and HALOE water vapor measurements are used here, and these instruments only sampled polar (nonvortex) air during the 7-13 November time period, the solar occultation relationship between equivalent latitude and water vapor shown in Fig. 3c is defined only to equivalent latitudes of about 60°S. Thus, whether the water vapor relationship flattens at high equivalent latitudes cannot be determined from these datasets. Figure 9 is analogous to Fig. 7 in that it shows the 850-K global water vapor distribution derived from the solar occultation measurements. Reconstructed maps have been averaged over 3 days for comparison with Fig. 7 . To derive global fields from the sparse solar occultation data, the water vapor mixing ratios were correlated with tracer equivalent latitude, as shown in Fig. 3 , and then mapped onto the global grid. Details of the mapping as applied to ozone can be found in Randall et al. (2005) . The technique is identical for water vapor, except that here we use POAM III version 4.0 data; since this has not been as well validated as the HALOE data, all measurements are normalized to HALOE (which is approximately 10% lower than POAM at 850 K). Also, the solar occultation water vapor measurements are less certain than ozone and exhibit more variability, so the mapping is not as robust. Thus, we use 21-day increments to define the equivalent latitude/water vapor relationship. Approximately 240 POAM and HALOE measurements . Global water vapor distributions at 850 K reconstructed from the HALOE and POAM III measurements for a 21-day time period around the central date given in each panel. Maps have then been averaged over the indicated 3-day periods for comparison with MIPAS data.
fined the relationships between equivalent latitude and water vapor that were used to generate the maps in Fig.  9 . On the other hand, photochemical considerations are not an issue, so the mapping is latitude independent. Note the different color scale, as the range of water vapor observations is not identical for the MIPAS observations (e.g., Figs. 3 and 7 ) and the solar occultation data. The moist vortex air on 24-26 October is centered between longitudes of 60°and 120°W, poleward of 60°S. Figure 9 clearly depicts • the shrinking vortex, moving equatorward and eastward; • the tongue V of vortex air that is pulled westward and equatorward from 2 to 10 November; • the disappearance of the vortex by mid-November; • and the mostly dry anticyclone progressing westward (e.g., 1-7 November).
Discussion
Previous studies of the breakdown of the SH stratospheric vortex have revealed the impact of planetary wave breaking and the vortex interactions upon transport and mixing of minor constituents. Most studies have focused on the initiation and mature stage of the warming. The ultimate fragmentation of the vortex and the dissipation of the major remnants have been little studied before, partly due to a lack of observations with high-resolution and global coverage.
In a case study of the Northern Hemisphere final warming based on infrared satellite observations, a general circulation model and an offline transport model, Hess (1991) showed that large coherent eddies could persist for 2 months after the NH vortex breakdown, trapped and "frozen in" in the westward flow regime. Orsolini (2001) showed, in an offline model simulation with high vertical resolution, that vortex remnants were very resilient and could persist into the summer in the easterlies. They were more rapidly dissipated at altitudes below 20 km, where westerlies prevail and upward extensions of synoptic disturbances were more active. Konopka et al. (2003) used a Lagrangian highresolution chemical transport model to show that vortex remnants were longer-lived above 20 km and studied the chemistry occurring in the remnants. Piani et al. (2001) also demonstrated that, in the Northern Hemisphere, vortex remnants dispersed more broadly above 20 km than below, where they were bounded by the subtropical jet. Hence, although the final warming is a top-down process, with the vortex breaking first at upper levels, these modeling studies suggest that vortex remnants are in fact long-lived higher up, in the westward flow regime.
We have used 1 month of new ozone and water vapor observations by the MIPAS instrument to reveal the last stages of the life of the SH wintertime stratospheric vortex in 2002 and the first stages of the dissipation of vortex remnants. The satellite observations could coarsely resolve the vortex breakdown and allow tracking of the vortex remnants for a couple of weeks. Further model studies are needed to address the fate of vortex remnants relative to the forming summer easterlies in 2002, over a longer period than the 3-4 weeks that were the focus of the current observational study.
The fact that the shrinking vortex could be followed continuously from one map to the next during the breakdown phase with some consistency between the two tracers owes to the high quality of the MIPAS observations. The degree of correspondence between the MIPAS observations, the reconstructed water vapor from solar occultation data and from high-resolution trajectory calculations, and the analyzed PV and geopotential height is very good (see the dynamical fields and the water vapor field in, e.g., Figs. 1, 7, and 8). The inferences from solar occultation observations and from trajectory-based tracer reconstructions are largely consistent with those from MIPAS measurements.
This study provided an observationally based picture of the main features of the evolution and breakdown of the vortex in spring of 2002. The SH stratospheric zonal circulation reversed earlier than usual at 10 mb, and the summer westward flow is established in the November mean. Coherent and consistent anomalies in ozone and water vapor allow identification of the major remnant from the weakened vortex as it drifted eastward above the southern Atlantic toward the Greenwich meridian and equatorward. A large tongue of air stretched westward out of the vortex and left a significant signature in the MIPAS water vapor and in the reconstructed fields from PV mapping and trajectory transport. The last vortex remnants that can be identified in the satellite observations, especially in water vapor, at that altitude (about 850 K) are found in mid-November over the midlatitudes of the Western Hemisphere. At lower levels (e.g., at 475 K), a small vortex core remained until the end of the period we investigated using MIPAS observations (24 November).
The unusually early Antarctic final warming in 2002 followed a winter that was the most dynamically active, and the only one with a major warming ever observed in the SH. We have shown that the evolution of the vortex and vortex fragments during its breakdown resembles in many ways the behavior seen in previous studies of both the NH and SH winters. Fully understanding the details of how the final warming was influenced by the preceding sudden warming, and whether the final vortex breakdown was triggered primarily by stratospheric vortex interactions or by enhanced tropospheric wave forcing, will require further studies.
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